The removal rate properties of a floating polishing process are investigated in this study. The characterizing feature of this type of polishing process is that a slurry film exists between pad and work surface to avoid direct contact. The contrary polishing condition is the semicontact or contact one that the abrasive particles are directly pressed by pad asperity against the work surface. The noncontact polishing condition is possible when the pad surface has a convex shape to induce the hydrodynamic effect between pad and work. If the pad has a flat surface, the polishing condition is mostly in the semicontact or contact situation. A major advantage of this noncontact feature is to allow the slurry or the abrasive particles in the slurry to flow through the gap between pad and work surface in a less random manner. This means that, under a given operating condition, the abrasive particles between pad and work surface will tend to sustain a specific load distribution and have a certain particle distribution in the statistic sense. Since the load and particle distributions are the dominant factors in deciding machining behaviors of a polishing process, a floating polishing process can have less random machining behavior. The less random tendency is a necessity for any machining method to obtain repeatable or predictable machining behaviors. In the manufacturing applications, a machining method with a high repeatable characteristics level is always preferred.
The removal rate properties of a floating polishing process are investigated in this study. The characterizing feature of this type of polishing process is that a slurry film exists between pad and work surface to avoid direct contact. The contrary polishing condition is the semicontact or contact one that the abrasive particles are directly pressed by pad asperity against the work surface. The noncontact polishing condition is possible when the pad surface has a convex shape to induce the hydrodynamic effect between pad and work. If the pad has a flat surface, the polishing condition is mostly in the semicontact or contact situation. A major advantage of this noncontact feature is to allow the slurry or the abrasive particles in the slurry to flow through the gap between pad and work surface in a less random manner. This means that, under a given operating condition, the abrasive particles between pad and work surface will tend to sustain a specific load distribution and have a certain particle distribution in the statistic sense. Since the load and particle distributions are the dominant factors in deciding machining behaviors of a polishing process, a floating polishing process can have less random machining behavior. The less random tendency is a necessity for any machining method to obtain repeatable or predictable machining behaviors. In the manufacturing applications, a machining method with a high repeatable characteristics level is always preferred.
It was claimed by several studies [1] [2] [3] that machining action could, indeed, occur under the noncontact polishing condition. It is interesting to know how the work material is removed if abrasive particles are not pressed directly by the pad against the work. From the energy point of view, to remove work material, a sufficient energy must be applied to the work to break the bonds at the interface between the work and the removed part. This requirement is applicable to every possible machining mechanism. When the pad is in direct contact with the work surface, this energy can be transmitted through the traction action of pad. Nevertheless, under the noncontact condition, this energy cannot be transmitted directly by the moving pad. The relative motion of the pad can only supply energy to the slurry (by drag force) to make it move between pad and work. Hence, to have a successful material removal, the transmission of required energy should be accomplished by the moving action of slurry on work surface. How is it done?
There have been several attempts [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] to study the volume removal rate of a polishing process under various contacting conditions. Mori et al. 2 proposed that the phenomenon of elastic emission machining might occur in a floating polishing process. Thus, the removal rate of a floating polishing process can be affected by the interacting strength between abrasive particles and work surface atoms. Zhang et al. 4 suggested a similar point that adhesion existed in between particle and work and enhanced the removal rate. Warnock 5 offered a phenomenological approach to model the removal rate of a chemical mechanical polishing (CMP) process with the consideration of topographical features. A linear dependence between removal rate and local pressure exerted by pad is implied in his model. Zhao et al. 6 proposed a threshold pressure criterion that the polishing pressure of a CMP process must be greater than a critical value to result in material removal. Runnels 7, 8 suggested that the removal rate of CMP should be decided not only by the normal stress (local pressure) but also by the shear stress on the work surface. The shear stress resulted from the hydrodynamic lubrication between pad and work. An empirical fluid film equation for slider bearing indicated that the removal rate can be modeled by an equation identical in form to Preston's equation. 8 The contacting condition of these studies about CMP process was not specified clearly. A similar proposition was also made by Su et al. 3, [9] [10] [11] [12] about the hydrodynamic polishing process (a kind of floating polishing process) that the removal rate was related positively to the shear stress of slurry flow between pad and work surface.
If the work material is removed due to the normal and shear stresses, the required energy to generate new surface must be supplied by these stresses. Especially, the shear stress that plays the role in surface atom removal must be large enough to break the bonds between surface and sublayer atoms. Its minimum value depends on the surface energy of work. From the fundamentals of lubrication, the magnitude of shear stress, under the noncontact lubricating condition, is a function of slurry viscosity and velocity gradient in slurry flow. However, based on the elastohydrodynamic lubrication theorem, 3, 15 the shear stress required (to have machining action) is always so high that it can be hardly achieved by a soft pad, unless the surface energy of work is close to zero. It becomes uncertain whether the normal and shear stresses alone can supply the required energy for material removal under a noncontact lubricating condition. An experimental study 3, 10 revealed that a metallic material without chemical etching could be indeed removed by a noncontact polishing process. This implied that under a noncontact condition, the work surface atoms did sustain a force much larger than that from shear stress directly. Hence, there must exist another mechanism to transmit force or energy from moving slurry on work.
This study will show that the abrasive particles play the role in effective energy or power transmission. A model is proposed to relate the volume removal rate of a floating polishing process to various parameters. Especially, the effect of different lubrication regimes on removal rate is discussed. Several sets of experiments about the hydrodynamic polishing process are demonstrated to show the appropriateness of the proposed model. S0013-4651(99)06-028-0 CCC: $7.00 © The Electrochemical Society, Inc.
hydrodynamic effect beneath the pad is significant. Assume the slurry flow between pad and work surface is Newtonian. If the relative speed between pad and work surface is not zero, a velocity gradient is formed in the slurry flow. Because of the existence of the velocity gradient, an abrasive particle next to the work surface will sustain shear and normal stresses. These stresses will make the particle sustain a force as shown in Fig. 2 , whose tangential and normal components are F 1 and F 2 , respectively. By the action of the resultant, the particle will also sustain a reaction force, R, at the interface between particle and work surface atoms. When the reaction force is large enough to break the bonds between surface and its sublayer atoms, the surface atoms may be removed.
Assume the particle at the contact spot has a zero speed relative to work surface before the machining (or removing) action occurs. Let the particle contact the work surface at point O and have a relative speed, v, at the mass center. Under the given contact configuration, from the principle of dynamics, 16 the reaction force satisfies the following equations
where r is the distance between point O and the mass center of a particle. m p is the mass of a particle. is the angular speed of particle relative to point O. where R x and R y are the reaction forces in the x and y directions, respectively. The first term in the right side of Eq. 2 is the force acting on particle from slurry. The second term indicates the eccentric force due to particle rotation. The third term represents the driving strength to make the particle rotate. It shows that the rolling tendency of particle will reduce the reaction force in the x direction. To have machining action, the magnitude of ϪR x must be larger than a minimum value. This minimum value can be estimated from the surface energy of work. 3 To remove N surface atoms, the minimum required energy, transmitted from particle to work surface, must be larger than the energy of newly generated surface due to the removal of these atoms. Hence, the following inequality equation is obtained
where ␥ is the surface energy of work. D a and A a are the diameter and the cross-sectional area of one atom, respectively. The left side of Eq. 3 represents the energy transmitted by particle to work surface atoms through moving these atoms a distance of one atom. It is assumed that N atoms can be removed if this energy is larger than that of newly generated surfaces. Equation 3 indicates that a large value of |R x | will result in a large amount of atoms being removed.
Also, the higher the work surface energy, the less the number of atoms can be removed. Accordingly, the volume removal rate, m v , of a particle, due to the given contact configuration and particle geometry, can be approximately modeled as [4] where v x is the speed of particle in the x direction at point O after the machining action starts. Equation 4 is derived from Eq. 3. It is justified if the inequality Eq. 3 is satisfied for N Ն 1, and A a is regarded as a constant. From Eq. 2a
with
The product |R x |v x is the power done on work surface by a particle.
Function f p represents the power supplied to a particle from the slurry. Then, function f e denotes the power transmission efficiency, which is mainly decided by the particle geometry and contact configuration in addition to the forces from slurry flow. As discussed above, the shear force, which is directly from slurry, applied on work surface is generally insufficient to remove work surface atoms. Nevertheless, by the aid of a particle, the force applied on work surface atoms may be significantly magnified to accomplish the task of atom's removal. It is because the force F 1 is the tangential component of the integration of shear stress (from slurry) around the particle surface. An increase of F 1 can be obtained by increasing the particle size. Hence, the particle plays the role in integrating and magnifying the force or power from slurry, due to its large size as compared to the size of contact atoms, to against the work surface atoms. The second function that a particle plays is the transmission of the sustained force or power to work surface atoms. Such a transmission is always not complete and its effectiveness can be significantly reduced by an improper contact between particle and work surface. This suggests that a sufficiently large force on a particle does not assure the success of its machining action. The efficiency of force (or power) transmission by a particle is also decisive to the machining action.
The dominant factor in deciding the transmission efficiency is the rolling tendency of particle. From Eq. 5c, the second term in the bracket indicates the percentage of force reduction, due to the eccentric force from particle rotation, in the tangential direction against the work surface atoms. A large value of this percentage means that the transmission efficiency is low. Its value will be large if the particle's rotating speed is high or the F 1 is small. The third term in the bracket describes the percentage of tangential force lost in accelerating the angular motion of particle. It depends on the particle's geometry and contact configuration with work surface atoms. Its value is small when the particle has a slender shape and lies relatively flat on the work surface. The last term shows the positive effect of F 2 in increasing the transmission efficiency by exerting a torque on a particle to decelerate its angular motion. This effect is less significant when the particle has a slender shape or when the F 1 is large. Accordingly, the transmission efficiency tends to be high if the rolling tendency of a particle is low. Besides the angular speed, this tendency is affected by the contact configuration, the geometry, and the sustained forces of particle. These factors, except the normal force F 2 , may have conflict effects on transmission efficiency under different conditions. However, it is expected that a low contact angle, ␣, accompanied by a slender particle shape may result in a low rolling tendency for most operating conditions. For a given particle geometry, it can be shown that the average power transmitted by the particle to work surface atoms, after machining action starts, is mainly a function of its sustained shear stress. From Eq. 5, under a given contact configuration, the power transmitted to work surface atoms is decided by v x , , F 1 , and F 2 .
The v x and F 2 always have the positive effects on this power. On the other hand, the has a negative effect. Depending on the contact angle ␣, the F 1 may be a positive or negative factor. It has the positive effect when the inequality condition 1 Ϫ m p r sin(␣)s 1 /I o Ն 0 is satisfied. As discussed above, the second term of this inequality describes the percentage of F 1 used to accelerate the particle's angular motion. This inequality condition tends to be satisfied when the contact angle is small and the particle has a slender shape. From the definition, the F 1 and F 2 should be related positively to the particle's sustained shear stress. Similarly, the sliding velocity, v x , of the particle, after machining action starts, may be large when the shear stress is large, though it is also affected by the resistant force from work surface atoms. The angular speed, , is proportional to the difference between particle speed at mass center, and v x . This particle speed is related positively to the slurry speed at the spot of particle, which is close to the work surface. Hence, the power transmitted by particle has a positive relationship with the particle's sustained shear stress and is inversely proportional to the slurry speed at the spot near the work surface. Since the particle is driven by the slurry flow, the particle's sustained shear stress should be proportional to the shear stress formed between work surface and pad. If the slurry flow between tool and work surface is laminar, the slurry speed at the spot near the work surface will be related positively to the ratio v t /h, where v t is tool's periphery speed and h is the film thickness between tool and work surface. This ratio is again proportional to the shear stress of slurry flow based on the Newtonian flow assumption. Thus, the transmitted power becomes dominated mainly by the shear stress in the slurry flow. This stress plays two conflicting effects on the power. A large stress will increase the power from slurry to particle.
On the other hand, a large stress may increase the rolling speed of the particle and reduce the transmission efficiency. Based on the fluid film lubrication theorem, it is expected that the second term in the right side of Eq. 5c has a relatively small value as compared to the other terms. Accordingly, under a given contact angle, the power transmitted to work surface atoms by a particle can be approximately described as |R x |v x ϰ slurry [6] where slurry represents the shear stress in the slurry flow. The contact angle is a random variable in nature because it may be affected by the irregular geometry of particle, the random resistance from work surface atom or the random disturbance from the other particles. Nevertheless, if the random process of contact angle is stationary, the average power transmitted by a particle can be obtained by taking the statistic expectation on Eq. 5. From Eq. 5 and 6, by some manipulations, one has the following relationship E[ |R x |v x |particle geometry] ϭ f ( slurry ) [7] where f is an increasing function and E[|] is the conditional expectation. Since the particle geometry is also random in essence, the average transmitted power by particles can be reasonably measured by statistic expectation. By taking expectation on Eq. 7 and from Eq. 4, the expected removal rate of a floating polishing process can be modeled as [8] where g is an increasing function. Equation 8 concludes that the expected volume removal rate of a particle under a noncontact polishing condition is inversely proportional to surface energy and proportional to shear stress. It is noted that the statistical properties of particle's geometry distribution may affect the function g and thus also play an important role in determining the machining capability of particle.
From the above discussion, the keys to enhance the removal rate of a particle are to increase the power transmitted to the work surface atoms and to reduce the surface energy of the work surface. There are three ways to achieve this goal. The first one is to increase the shear stress sustained by particles. It can be done by properly adjusting the lubricating condition between work surface and pad. The second approach is to increase the expected power transmission efficiency of the particle. This efficiency can be improved by reducing the rolling tendency of the particle. The rolling tendency of a particle can be low if it has a slender shape (or a large radius of gyration) or if an additional normal force, other than that from the shear stress, exists. The formation of this additional normal force is possible when the particle's material is specially chosen to increase the interaction (such as the electrostatic force) with work surface atoms. The third one is to reduce the surface energy of work. Chemical treatment is one way to achieve this. A proper selection of particle's material to reduce the bonds between work surface and sublayer atoms, suggested by Mori et al., 2 is another possibility.
Lubricating Effects on Volume Removal Rate
The previous section indicates that the shear stress in slurry flow between pad and work surface is a dominant factor in determining the removal rate of a polishing process under the noncontact condition. Such a stress is induced by the velocity gradient that exists in the slurry flow. One way to form the velocity gradient is to "artificially" separate by a gap the pad and work surface, and give the pad a nonzero speed relative to the work surface. This gap size must be sufficiently larger than the dimension of the pad's surface irregularities to maintain the noncontact condition. Due to the nonsmall size of surface irregularities in most pads, the gap size mostly has an order much larger than 1 m. In a real application, this method will produce a relatively small value of shear stress if the gap size cannot be kept to a small value, or if the relative speed is not large enough. Thus, from the
S0013-4651(99)06-028-0 CCC: $7.00 © The Electrochemical Society, Inc. machining mechanism discussed above, this method with small shear stress may result in machining action only when the work's surface energy is very low (or close to zero). Another approach is to make use of the hydrodynamic effect to float the pad above work in a more "natural" way. This effect is achieved by moving the pad, which has a specific geometry (for instance, a nonzero curvature distribution around the pad surface) on the pad surface, with a sufficiently large speed relative to work surface. Because of this effect, a high pressure distribution will be formed between pad and work and separate them with a small gap or film thickness. This high pressure distribution also makes the pad's surface irregularities flatten, especially the transverse pattern of irregularities, in its elastohydrodynamic lubrication conjunction. Hence, the film thickness can be small (with an order close to or smaller than 1 m) and simultaneously keep the pad and work surface in a noncontact situation. The possibility of small film thickness will allow the induced shear stress to have a magnitude much higher than that by the artificial separation. This will make the hydrodynamicinduced polishing processes appropriate to wider applications. To simplify the analytical discussion about the effect of hydrodynamic lubrication on machining behavior, the polishing pad is assumed to have a convex surface (for instance, a spherical one). The hydrodynamic effect will be formed when this pad moves with a sufficiently large speed relative to work surface. The properties of film thickness between pad and work surface can be very different in distinct lubrication regimes. For the fully flooded lubrication, the elastohydrodynamic lubrication can be classified into four regimes. 15 The classification is based on the relative importance of two effects, the increment of fluid viscosity and the elastic deformation of pad and work surface. These two effects are all related to the high pressure formed between pad and work. A high pressure in this region (named as elastohydrodynamic lubrication conjunction) may cause the deformation of pad and work surface and increase the fluid viscosity. The lubrication is said to be in the isoviscous-rigid (abbreviated as the IR) regime if the increment of slurry viscosity is negligible and the elastic deformation of pad and work is insignificant as compared to the film thickness. The lubrication is in the isoviscous-elastic (IE) regime if the viscosity increment is negligible and the elastic deformation is significant. It is in the viscous-elastic (VE) regime when both viscosity increment and elastic deformation are significant. Finally, the lubrication is in the viscous-rigid (VR) regime if the viscosity increment is significant and the elastic deformation is negligible.
In most cases, the polishing pad is made of soft material, such as rubber. With such a material, it would be difficult for the pressure at an elastohydrodynamic lubrication conjunction to be high. Thus, the viscosity increment is expected to be negligible at this region (unless the pressure-viscosity coefficient of slurry is exceptionally high). In addition, due to the low pad modulus, the elastic deformation may not be always negligible. Accordingly, the lubrication for a floating polishing process is most likely in the IE or IR regime. Note that the lubrication of the polishing process in the IR regime does not necessarily indicate the occurrence of a negligible pad deformation. It can be defined in a more general manner that the change of pad deformation is negligible due to the change of film thickness in the IR lubrication regime. From the empirical formulation, 15 
Further, the boundary between these two regimes can be written as [10] In the above equation, w z is the applied load on the pad, and EЈ is the effective elastic modulus of work and pad. u is the pad speed relative to work. is the slurry viscosity. The C IR and C IE are geometric parameters used to describe the geometric effect on lubrication. R x and R y are the effective radii of pad and work in the x and y directions, respectively, where the pad motion is defined in the x direction. k is the ellipticity parameter. A schematic diagram of these two lubrication regimes associated with the applied load and the product of pad's relative speed and slurry viscosity is shown in Fig. 3 . It indicates that the lubrication tends to be in the IR regime when the product of speed and viscosity is high or the load is low. On the other hand, the lubrication is in the IE regime if the product is low and the load is high.
If the slurry flow in the elastohydrodynamic lubrication (EHL) conjunction is Newtonian, the shear stress in the flow can be approximated by [11] By inserting Eq. 9 into Eq. 11, the average shear stress around the center of the EHL conjunction can be approximated as Figure 3 . Schematic diagram of IE and IR lubrication regimes, associated with applied load and product of relative speed and slurry viscosity.
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Equation 13
indicates that the qualitative properties of removal rate are distinct in different lubrication regimes. The removal rate is positively related to the product of speed and viscosity when the lubrication is in the IE regime. It is negatively related to this product if the lubrication is in the IR regime. The loading effect on removal rate is more significant in the IR lubrication regime than that in the IE regime. The effective modulus of pad and work has a positive effect on removal rate when the lubrication is in the IE regime. In the IR regime, its effect is negligible. From the physical point of view, both the qualitative and quantitative properties of removal rate should change in a continuous manner with the variation of lubrication. Hence, the properties near the boundary of IR and IE regimes will behave as a transition between IE and IR regimes. Thus, for instance, a reasonable schematic diagram of removal rate vs. speed or viscosity in a lubrication range covering IE and IR regimes can be represented by Fig. 4 . Fig. 4 that the machining behavior of a polishing process would be different under distinct lubricating conditions. The difference comes from the unlike relationships (Eq. 9a and 9b) in modeling film thickness under different lubricating conditions. In the following, the effects of various factors on the removal rate are summarized and discussed. Several sets of data are also demonstrated to verify the analytical study. The experimental data were about the removal rate of hydrodynamic polishing process. A schematic diagram of the polishing system is shown in Fig. 5 . This process can be in a noncontact situation if the rotating speed of tool (or pad) or the slurry viscosity is high enough. 3 The tool was made of rubber and had a semispherical shape with diam 20 mm. The tool surface was prepared by grinding method to have longitudinal roughness of 0.25 m for each test. The slurry is a mixture of liquid oil and abrasive particles. The selection of oil as the solvent is to obtain sufficient slurry viscosity to achieve noncontact polishing condition. The usage of oil was in fact detrimental to removal rate. The abrasive particle is the Al 2 O 3 powder with hardness Mohs 8 and primary grain size 50 nm. The test work is silicon wafer. The slurry viscosity was measured by the Redwood viscometer model 826 at 20ЊC. In each test, the pad polished a certain area for a fixed time. The machining depth was then measured by the Form Talysurf machine. Since the machining time was the same for each test, the relative removal rate of the process can be then obtained by comparing the machining depth.
Discussion

It was indicated in
Effects of pads speed and slurry viscosity.-From Eq. 13, the pad's speed and slurry viscosity play the same role in affecting the removal rate. An increase of speed or viscosity increases the film thickness. In the IE lubrication regime, the increment of film thickness is less than the increase of speed or viscosity. Thus, an increase of speed or viscosity will increase the velocity gradient and enhance the shear stress in slurry flow. The removal rate is then related positively to speed or viscosity. Nevertheless, a contradictory trend is obtained when the lubrication is in the IR regime. In this regime, the increment of film thickness will greatly exceed the increase of speed or slurry. The velocity gradient or shear stress becomes negatively associated with speed or viscosity. Hence, the removal rate has a decreasing trend as the speed or viscosity is increased. Accordingly, under a fixed load, the relationship between removal rate and speed or viscosity can be depicted as by Fig. 4 . This relationship indicates that the highest removal rate can be obtained if the lubrication is adjusted to the one near the boundary between IE and IR regimes. An experimental result was shown in Fig. 6 . The repeatability test for one of the test conditions was given in Table I . A high repeatable removal rate was obtained. It verified that the machining depth or equivalently the removal rate did have an up-and-down trend as expected. An important point suggest- ed from this trend is that the rule of Preston's equation or any of its modified forms [6] [7] [8] 14 can only properly model the removal rate of a floating polishing process in the IE lubrication regime. They are inadequate to depict the removal rate in the IR lubrication regime. A special feature of this study is to make use of two different empirical equations in describing the lubrication between pad and work. This is in contrast to some of the studies in modeling the removal rate of CMP process that only one equation (similar to that of IE regime) was applied to represent the film thickness. 4, 8 The decreasing removal rate trend is predicted because an empirical equation in modeling the film thickness in IR lubrication regime is adopted.
Effect of applied load.-The applied load is always a positive factor of removal rate under a noncontact condition. If the slurry lubrication is in the IR regime, an increase of load will rapidly decrease the film thickness and result in a significant increase of shear stress as well as removal rate. However, a further increase of load may transfer the slurry lubrication from IR to IE regime (Fig. 3) . This shift of lubrication regime may lessen the effect of load on the film thickness reduction or the removal rate increase. The effect of load on removal rate becomes less important as that of speed or viscosity. A schematic diagram of removal rate vs. applied load is shown in Fig. 7 . The experimental data are shown in Fig. 8 . The data indicated that the removal rate was sensitive to load increment when the slurry with high viscosity was used. It became less sensitive if the slurry with low viscosity was adopted. From the lubrication theorem, the lubrication tends to be in the IR regime if the slurry viscosity is high. Hence, the qualitative trend of data was consistent with the analytical study.
Effect of pads surface geometry.-The effect of the pad's surface geometry can be examined from Eq. 9 and 13. Equation 9 indicates a general trend that the larger the effective radius the larger the slurry film thickness will be, if the speed, viscosity, and load are given. This means that the removal rate will be low when the radius of curvature on the convex geometry of pad surface is large (Eq. 10). This effect is more obvious when the lubrication is in the IR regime.
In addition to the film thickness, the change of pad's surface geometry may also result in the change of lubrication regime. From Eq. 10, the boundary between IR and IE regimes will shift along with the change of the ratio (C IE /C IR ) and EЈ. This ratio is determined by the geometries of pad and work surface. A general trend is that the boundary will shift to a region with a lesser value of uи (as indicated in Fig.  3 ) if the radius of pad curvature or the modulus of pad is increased. This shift of boundary implies that the lubrication tends to transfer to the IR regime when the radius of pad curvature is increased.
Because of the significant effect of pad's surface geometry on removal rate, the effect of pad's wear becomes non-negligible. Similar to the wear process of other machining methods, abrasive particles in a polishing process not only caused the removal of work material but also took out the pad material. This action on pad is mostly occurred at the spot with convex geometric feature. A loss of pad material at these spots will increase the radius of curvature at the spots and make the pad surface more conformable to the work surface. In another word, the pad's wear always induces an increase of curvature radius at the pad surface. Consequently, the removal rate may not be kept constant during the polishing process.
Effect of pads surface irregularities.-The removal rate of a floating polishing process is affected not only by the above factors but also by the sensitivity to the pad's surface irregularities (surface waviness and surface roughness). It is because the surface irregularities may change both the local and global shear stress fields at the EHL conjunction. The change of local shear stress field comes from the film thickness variation in the EHL conjunction due to pad's surface irregularities. The variation of global shear stress field is induced by the change of average film thickness from micro-EHL effect, 15 which is caused by surface irregularities and is dependent of the orientation of irregularity pattern. Because of the change of shear stress filed, the removal rate will change accordingly. Hence, to have a consistent removal rate of a floating polishing process, the magnitude and the pattern of pad's surface irregularities must be maintained.
Another effect of pad's surface irregularities is to transfer the lubrication from the noncontact condition (fully flooded lubrication) to the semicontact one (mixed lubrication). It is occurred when the magnitude of deformed surface irregularities is larger than the film thickness. Under this semicontact condition, a small portion of abrasive particles in the EHL conjunction is directly pressed by the pad's surface asperity. These pressed particles may be supplied with high power and own high transmission efficiency (due to the action of normal force from pad). Their machining capability will greatly exceed the ones under a noncontact condition. Hence, the removal rate under a semicontact condition is dominated by the directly pressed particles. The removal rate from these particles is determined by two terms, which are the average volume removing capability of particles, and the number of particles. Although these two terms are related to the lubrication between pad and work, the shear stress in the slurry flow cannot be used alone to accurately predict their values. Hence, another approach is needed. A detailed examination of removal rate under the semicontact condition is left for future study.
Conclusions
The removal rate of a floating polishing process is discussed in this study. It is stated from the energy point of view that the amount of energy (or power) transmitted to work surface and the surface energy of work are the dominant factors in deciding the volume removal rate. One role of a particle played in the energy transmission process is to accumulate the energy from the slurry flow between pad and work. The other role played by a particle is to effectively transmit the accumulated energy to the work surface atoms. The accumulated energy is proportional to the shear stress field of slurry flow and the transmission efficiency is dominated by the rolling tendency of particles. By some derivation, it is shown that the average removal rate of particles under noncontact lubricating condition is proportional to the shear stress between pad and work surface. Based on the empirical equations of the elastohydrodynamic lubrication theorem, the qualitative property of removal rate is shown different under distinct lubricating conditions. For instance, the removal rate will be proportional to the slurry viscosity or the relative speed between pad and work when the lubrication is in the IE regime. On the other hand, the removal rate may reduce due to an increase of viscosity or speed if the lubrication is in the IR regime. The latter trend is contrary to the commonly adopted rule from the Preston's equation or any of its modified forms. The study suggests that the highest removal rate occurs at the lubrication near the boundary between the IE and IR regimes. It also indicates the importance of pad surface geometry on lubrication as well as removal rate. Accordingly, the effect of pad wear on removal rate is substantial. Further, the removal rate is sensitive to the surface irregularities of pad. The magnitude and the pattern of a pad's surface irregularities must be controlled to obtain a consistent machining behavior.
